Summary.
When stomachs are stimulated to secrete acid, the intracellular canaliculi of the parietal cell increase and there is a concomitant depletion of the cytoplasmic tubulovesicular system. This change is believed to occur through the transformation of tubulovesicular membranes into intracellular canaliculi. This study was undertaken to examine the distribution of the cytoskeletons in rat gastric parietal cells during this process. In the resting parietal cells, actin filaments decorated with heavy meromyosin (HMM) were found in the cores of microvilli, extending from the apex of microvilli into the pericanalicular cytoplasm and forming radial networks.
In some cases, these actin filaments were also associated with the tubulovesicles. Moreover, tubulovesicular membranes were rare in the 300nm zone around intracellular canaliculi but numerous actin filaments were seen in this region. Soon Gastric parietal cells have two characteristic membrane systems; the intracellular canaliculi, which are invaginated channels of the luminal surface lined with microvilli, and the cytoplasmic tubulovesicular membranes. Previous studies have indicated that, when parietal cells are stimulated by histamine or gastrin, the tubulovesicular membrane with H+-K+-adenosinetriphosphatase (ATPase) is transposed and fused with the apical surface membrane (HELANDER and HIRSCHOWITz, 1972; ITO and SCHOFIELD, 1974; FORTE et al., 1977; ZALEWSKY and MOODY, 1977; OSAWA and OGATA, 1978) . The cytoskeleton is believed to play an important role in the translocation of cell organelles. Previous immunocytochemical studies of actin and acting-binding proteins in parietal cells have shown localization of actin filaments by precipitation of gold particles (MERCIER et al., 1989; MIzuNO et al., 1989a, b) . However, the actual localization and distribution of actin filaments remain unknown. Ezrin, a linking protein of actin filaments in parietal cells, contains cytoskeleton and membrane binding domains, accounting for its proposed role as a membrane-cytoskeletal linker (ALGRAIN et al., 1993) . The intermediate filaments involved in the maintainance of cell shapes have not been studied in mammalian parietal cells.
This study was undertaken to examine the distribution of the actin, ezrin and cytokeratin in the resting state and 15 min after the gastrin stimulation when the morphological changes in the parietal cell were prominent. The heavy meromyosin decoration of actin filaments (ISHIKAWA et al., 1969) was used to identify the actin filaments. In addition, the localization and distribution of actin was observed by fluorescent staining of actin with phalloidin and by immunocolloidal electron microscopy. Furthermore, the distribution of cytokeratin, which is the largest group within the intermediate filament groups was also examined by immunogold labeling.
MATERIALS AND METHODS

Tissue preparation
Male Wistar rats weighing 200-250g were used. They were fasted overnight with free access to water before use, and subjected to the study of resting parietal cells. For the study of stimulated parietal cells, the fasted animals were injected intraperitoneally with 125jig/kg body weight of tetragastrin (gastrin) (Nihonseiyaku Co. Japan) 15 min before use. Under pentobarbital anesthesia, stomachs were removed from these animals and fundic mucosae were rapidly minced into 1 mm cubes with a razor blade. They were then fixed for 20 sec by rapid microwave irradiation fixation (MizulIRA et al., 1990) . Their mucosal pieces for light microscopy were fixed by immersion arrayed in the microvilli and extend from the base, forming radial networks in the cytoplasm. Some actin filaments (arrows) are among the tubulovesicles (T). The membrane elements are sparse in the 300nm zone around the intracellular canaliculi. X40,000. b. All actin filaments are arranged with the same directional polarity. x50,000. c. Actin filaments extend from the basal part of the microvilli into the cytoplasm, forming radial networks. x40,000 with 3% paraformaldehyde in a 0.1M sodium phosphate buffer solution (PBS). For electron microscopy, they were fixed with 2% paraformaldehyde, 0.5% glutaraldehyde and 0.1% tannic acid in 0.1M PBS, pH 7.4, for 60 min at room temperature and were then washed in PBS overnight before further processing.
Fluorescent labeling with rhodamine phalloidin
The paraformaldehyde fixed mucosae were infused with a 2M sucrose solution, frozen in liquid nitrogen, and cryosectioned at 1-4um. Glass slide mounted sections were rinsed in PBS, and incubated with 2U/ ml rhodamine phalloidin (Molecular Probes Inc., Oregon, USA) for 20min at room temperature. After a 30min PBS washing the sections were mounted in glycerin PBS and observed with a fluorescence microscope (Zeiss Axiophot microscope) fitted with an appropriated filter.
Actin filaments staining with heavy meromyosin
The HMM decoration was performed according to a procedure reported by ISHIKAyA et al. (1969) . Fresh gastric mucosal pieces were glycerinated for 9h at 4C in 50% glycerol diluted with PHEM buffer [60 mM 1,4 piperazine diethylsulfonic acid (PIPES), 25 mM N-2-hydroxyethylpiperazine N 1-2-ethanesulfonic acid (HEPES), 10mM EGTA, and 2mM MgClz, pH 6.9 (SCHLIWA and BELERKOM, 1981) ]. The glycerol solution was replaced with fresh 25% glycerol for 2h followed by soaking for 2h in 5% glycerol at 4C. Then they were incubated with 2.5mg/ml HMM in PHEM buffer for 2h at 4C. Samples were washed with PHEM buffer for 2h at 4C and then fixed with 1.2% glutaraldehyde and 0.2% tannic acid in PHEM buffer for 3h at VC. They were post-fixed with 1 OsO4 for 2h, and stained en bloc with 2% aqueous uranyl acetate for 1h at room temperature. After dehydration in graded ethanols, they were embedded in Epon 812. Ultrathin and semithin sections were cut with a Reichert microtome and stained with uranyl acetate and lead citrate. Stereopair images were made using semithin sections tilted at +6 in a Hitachi H-700H electron microscope operated at 100 kV.
Immunocolloidal gold electron microscopy
The fixed tissues were ethanol dehydrated and embedded in Lowicryl K4M (Chemische Werke Lowi, Waldkraiburg, Germany) according to LEMANSKI et al. (1985) . Ultrathin sections (50-80nm) were cut (ReichertJung, West Germany) with glass knives, and were mounted on collodion-carbon-coated nickel grids. The ultrathin sections were immersed in 0.01M PBS containing 1% bovine serum albumin (BSA) for 20 min to block nonspecific staining, and incubated with mouse anti-actin monoclonal antibody (Oncogene Science Inc., NY, USA). Mouse anti-cytokeratin monoclonal antibody (Sigma Chemicals Co., St. Louis, USA) and mouse anti-ezrin monoclonal antibody (Chemicon International Inc., NY, USA) appropriately diluted in 0.01M PBS were reacted for 1h in a moist chamber. The grids were then rinsed in 0.01M PBS, and incubated with the gold-conjugated secondary antibody. (goat anti mouse IgM or IgG antibody) for 30 min at room temperature.
The sections were rinsed in 0.01M PBS, washed in distilled water, stained with uranyl acetate and lead citrate, and examined with a JEM-100S electron microscope (JEOL Co. Tokyo, Japan) operated at 80kV. For the immunocytochemical controls, primary monoclonal antibodies or secondary antibodies were omitted and nonimmune mouse serum or buffer substituted. 
RESULTS
Rhodamine phalloidin fluorescence of F-actin Fluorescent labeling was strongly positive in parietal cells, but weak in chief cells (Fig. 1) . In the resting parietal cell, patches of strong fluorescence were seen in the cytoplasm (Fig. la) . Labeling was also detected along the basolateral membranes. In stimulated parietal cells, fluorescent staining was more diffuse in the cytoplasm (Fig. 1b) .
Heavy meromyosin labeling
Actin filaments decorated with heavy meromyosin (HMM) had characteristic arrowhead formations (Figs. 2-5 ). In resting parietal cells, actin filaments were seen in microvilli and the cytoplasm around the canaliculi (Fig. 2) . The bundles of actin filaments in microvilli were longitudinally arrayed and extended from the basal part of the microvilli into the adjacent cytoplasm, forming radial networks. In the resting cells, tubulovesicles were sparse in the 300nm zone around the intracellular canaliculi where numerous actin filaments were contained, some extending to the tubulovesicles (Fig. 2) . All actin filaments in microvilli had the same polarity with their plus ends at the tip and their minus ends in the cytoplasm (Fig. 2b) . Stereopair images of 1um thick sections of resting praietal cells confirmed the results of thin section images showing that actin filaments in the microvilli formed three-dimensional radial networks from the basal part of the microvilli into the cytoplasm. Some filaments extended to the tubulovesicles (Fig. 5) .
In stimulated parietal cells 15 min after gastrin treatment, tubulovesicles were found adjacent to the intracellular canaliculi, and actin filaments in this zone were less prominent (Fig. 3) . The parallel array of actin filaments was also observed in the elongated microvilli of the expanded intracellular canaliculi (Fig. 4) .
Immunoelectron microscopy of actin filaments
The anti-actin antibody was used to label actin filaments in the parietal cell. Gold particles were localized in the microvilli and in the cytoplasm around the intracellular canaliculi of the resting cells (Fig. 6a) . A few gold particles were also seen around the tubulovesicles.
In the parietal cells 15 min after stimulation, the number of gold particles around the intracellular canaliculi was less numerous (Fig. 6b) . This technique did not preserve actin as fine filaments (Fig. 6 ).
Immunogold electron microscopy of ezrin
The anti-ezrin antibody labeled with gold was used to determine ezrin localization in the parietal cells (Fig.   7 ). In the resting parietal cells, gold particles indicating ezrin were localized on the plasma membrane of microvilli, but not on the membrane of the tubulovesicles (Fig. 7a) . No positive reaction was detected in the nucleus, mitochondria or other intracytoplasmic organelles. In the stimulated parietal cells, gold particles showing ezrin were associated with the microvillous membrane of the expanded secretory canaliculi, but not with the membrane of tubulovesicles (Fig. 7b) .
Immunoelectron microscopy of the cytokeratin
In the resting parietal cell, bundles of the intermediate filaments labeled with gold particles indicating cytokeratin were found in the cytoplasm around intracellular canaliculi (Fig. 8a) . There was gold labeling of intermediate filaments in the perinuclear cytoplasm and along the basolateral cell borders. No different labeling pattern was discerned in the stimulated parietal cells (Fig. 8b) . 
DISCUSSION
Previous studies on parietal cells have documented the major morphological changes in membrane systems occurring after the acid secreting stimulation (HELANDER and HIRSCHOWITZ, 1972; ITO and SCHOFIELD, 1974; FORTE et al., 1977; ZALEWSKY and MOODY, 1977; OSAWA and OGATA, 1978) . Using an aldehyde-osmiumdimethyl sulfoxide-osmium method (TANAKA and MITSUSHIMA, 1984) by ultra-high-resolution scanning electron microscopy, OGATA (1992) and OGATA and YAMASAKI (1993) observed changes in the membrane systems of rat parietal cells after gastrin stimulation showed that isolated tubulovesicles were connected with slender connecting tubules, forming a tubulovesicular network. Moreover, this network was connected to the intracellular canalicular membrane, suggesting the transfer of the tubulovesicular membrane to the intracellular canalicular membrane.
Many authors (URUSHIDANI et al., 1989; HANZEL et al., 1989; MERCIER et al., 1989; MIZUNO et al., 1989a, b) reported that actin filaments and actin-binding proteins play an important role in this process. BLACK et al. (1982) suggested a correlation between the disorganization of parietal cell microfilaments and the inhibition of acid secretion by cytochalasin B treatment. VIAL and GARRIDO (1976) demonstrated a change in the orientation of microfilaments during acid secretion. FORTE et al. (1977) drew attention to the presence of microtubules just beneath the secretory surface of parietal cells. They also demonstrated cyclical changes in the microfilament orientation that occur in parallel with the changes in microvilli and tubulovesicular elements corresponding to secretion. Furthermore, biochemical and ultrastructural investigations have suggested that actin filaments are implicated in the process of gastric acid secretion (MER-CIER et al., 1989; MIZUNo et al., 1989a, b) .
The cytoskeletal filaments in the microvilli and the terminal web of the intestinal absorptive cells were studied by freeze-etching (HIROKAWA and HEUSER, 1981) . They showed that the cores of microvilli had bundles of actin filaments which extended into the terminal web, where they were linked by a complex of cytoskeletal proteins. However, the cytoskeleton in the cytoplasm around the intracellular canaliculi of the gastric parietal cells has not been thoroughly studied. By the heavy meromyosin (HMM) labeling of actin filaments (ISHIKAwA et al., 1969) , VIAL and GARRIDO (1976) studied the rat and frog oxyntic cells, although they did not clearly show the parallel array of microfilaments in the microvilli or the actin network around the intracellular canaliculi. The present study clearly demonstrated actin filaments decorated with the HMM in microvilli, which extended into the cytoplasm. Some filaments were seen among the tubulovesicles. In resting parietal cells, tubulovesicles were rare in the 300nm zone surrounding the intracellular canaliculi, though this region had abundant actin filaments. However, in the parietal cells stimulated for 15 min, the parallel array of the actin filaments extended into the elongated and increased number of microvilli, whereas the actin filaments in the cytoplasm were reduced. These observations suggest that actin filaments play a role both in moving the tubulovesicular membranes to the intracellular canaliculi and in the formation of numerous long microvilli. A similar redistribution of actin labeling was observed in stimulated parietal cells with the anti-actin antibody.
Ezrin purified from microvillous cytoskeletal proteins of chicken enterocytes is a component of 80kDa (BRETSCHER, 1986) . From gastric parietal cells, URU-SHIDANI et al. (1989) characterized a similar 80kDa phosphoprotein.
More recently, it has been shown that ezrin is a substrate of certain protein tyrosine kinases, and therefore is suggested to be a major cytoskeletal component of gastric parietal cells which links actin filaments to the plasma membrane (HAN-ZEL et al., 1991; ALGRAIN et al., 1993; YA0 et al., 1993) . Immunoelectron microscopy of ezrin showed that it was localized on the microvillous membranes of the secretory canaliculi but absent in the tubulovesicles (HANZEL et al., 1991) . In the present study, the localization of ezrin was exclusively observed on the microvillous membranes of the intracellular canaliculi in either the resting or stimulated parietal cells, but negative in the tubulovesicles. Using fluorescence microscopy, HANZEL et al. (1989) observed that the general appearance of ezrin staining networks resemble the secretory canaliculi that extend from the luminal surface throughout the parietal cell in the resting state. After stimulation, they noted that the ezrin staining networks had enlarged and taken on a somewhat rugose in appearance. The present study revealed a parallel array of the actin filaments in the elongated microvilli after the stimulation. It is therefore, reasonably assumed that ezrin plays a key role in the transformation of the actin filaments in the microvilli. DABIKE et al. (1981) reported intermediate filament bundles underneath the secretory canaliculi and in the vicinity of the basal plasma membrane of the toad oxyntic cells. A similar localization of cytokeratin was observed in the rat parietal cells in this study. After gastrin stimulation, the basic localization of cytokeratin remained unchanged. These observations indicate that intermediate filaments do not play a role in the membrane transformation in parietal cells. In conclusion, the present study adds new information that the distribution of actin filaments around the intracellular canaliculi changes during the acid secreting process of parietal cells, and that this change may participate in the membrane rearrangement between the tubulovesicles and the intracellular canaliculi. These observations provide a basis for a more comprehensive interpretation of the mechanisms involved in the gastric parietal cell as related to secretion activity. (1993 
